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Symmetries, Groups and 
Conservation Laws 


This is chapter 4 in Griffiths. 
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Symmetries, Groups and Conservation Laws 


You cannot study the Standard Model without studying symmetries. 
Group theory is interwoven in all discussions of modern particle 
physics. 
You need not panic when you see: 

SU(3)c x SU(2): X U(1)v 


So we will briefly discuss group theory, continuous and discrete 
symmetries and resulting conservation laws. 
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Symmetries 





What exactly is a symmetry? 


Symmetry 






A symmetry is an operation you can perform on a system which leaves 
it invariant. 


Consider an equilateral triangle: 


It is invariant under a clockwise rotation of 120° or by a 
counterclockwise rotation by 120°, by flipping about Aa or similar axes 
through B or C (or by doing nothing at all). 
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Consider an odd function 


f(x) 





Figure 4.1 An odd function. 


It is symmetric under a substititon of f(x) — —f(—x). Even if the 
function itself is unknown, the symmetry alone tells gives you 
information about the theory it describes and can be a practically 
useful. 
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Noether's Theorem 
Each symmetry of nature yields a conservation law; conversely, every 
conservation law yields an underlying symmetry | 








Symmetry Conservation Law 
Translation in time Energy 
Translation in space Momentum 
Rotation Angular momentum 
Gauge transformation Charge 





e Some symmetries are only approximate. Still useful. 

Example: observation of neutrino oscillations means that Lepton 
flavour conservation is not exact. 

e Sometimes we find conservation laws that do not correspond to 
any previously known symmetry. Could be something to puzzle 
theorists, could be only an approximate symmetry. 

Example: Lepton and Baryon number conservation are not 


associated with fundamental symmetries. 
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Translation - Momentum 





Consider an isolated non-relativistic system consisting of 2 particles 
interacting through a potential that depends on their relative 
separation. The kinetic and potential energies are: 


NEUE UT 
T= SM + 5mb 
V = V(ri — r2) 


where r4 and r2 are their coordinates measures relative to some origin. 
The dynamical equations become 


" d 

miñ = -Vi V(r = r2) = on V(r = r2) 
" d 

moro = -V2 V(h = r2) = or V(r = Ip) 
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Translation - Momentum 





Now translate the origin by a constant vector a 


n o n-rn-ca 
hb — r;—r»o-a 


The dynamical equations do not change since 
V(r - ro) 2B Vin -a-re- a) - V(r - ro) 


So, the system is invariant under a spatial translation. 
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Translation - Momentum 





Let's look at the total force on the system: 
Fror = Fy + Fo = -V4V(ri - r2) - V2 V(r - r2) =0 


(the form of the potential tell us that the force on one is the same 
magnitude and opposite direction of the force on the other). 





All this tells us really is that, with this form of the potential for a 2-body 
system, the force equations are invariant under translation and 
momentum is conserved. However, we could in this way build a 
Lagrangian and get the same result in a more general case. 
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QM Example: Translation - Momentum 





e Translate the wavefunction y(x) by an amount a: y(x) — y(x + a) 


e Now expand y(x + a) as a Taylor series about y(x) 





a2 2 
Vers) = wata +o us 
oo a^ 8 
- DE 2 =) we) = Ulaya) 
n=0 


where U (a) = exp |: x 
Ox 
e If our physical system is indeed invariant under translations, then 


(Gb) = (We +a) + a)) 
(U (a) (z)1U (a) (2)) 
= (4(a)|U* (a)U(a)u(z)) 


then,U'tU = 1, or in other words Ut = U~! (unitary matrix). 
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Connection to Hermitian Operators 





e Recall that in Quantum Mechanics, every physical observable is represented 
by a Hermitian operator (Hi = H). 
e Every Hermitian operator has the form U = e, 
e Factoring out a couple of constants so that U (a) = exp [iH a/h] 
comparing to our previous result of U (a) = exp [a 0/02), 
we find 
_hoa 
| à Ôx 
is a Hermitian operator which generates spatial translations. 
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Group Theory 


Group theory is the mathematical description of symmetries, namely 
operations which leave a system invariant. 


A set of symmetry operations on any system must have the following 
properties: 
@ Closure: the product R;R; is another member of the set Hy 
Q Identity: There is an element I such that IR; = R;l = R; for all R; 
@ Inverse: for every element R; there is an inverse Ay such that 
RyR;'! m Re Hj —1 
Q Associativity: R;(R;RKx) = (R;Rj) Re 
Notice that the operations need not commute. If they do they are 
called Abelian, if they do not then they are non-Abelian. 


We are dealing with groups with continuously connected elements: 
Lie groups. 
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Group Theory 


Every group can be represented by a group of matrices. 


Important groups in particle physics 








U(n) unitary (U*U = 1) 

SU(n) special unitary with determinant = 1 
O(n) orthogonal (OO = 1) 
SO(n) special orthogonal with determinant = 1 
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opin and Orbital Angular Momentum 


It is time for a quick QM reminder about spin and orbital angular 
momentum. Remember that every particle has an intrinsic property 
called spin in addition to the angular momentum associated with its 
motion. 


In QM it is impossible to measure all components of the angular 
momentum vector L simultaneously. We generally discuss the squared 
magnitude of the vector and the z-component: 


L* Lz 
There are certain allowed values of L? 
I(1+ 1)? 
where / is a non-negative integer 
[= 0,1,2,3,... 
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opin and Orbital Angular Momentum 


For a given value of I, a measurement of Lz yields 
mihi 
where m, is 


m, = -1|,-!+1,-1+2,...,-1,0,1,2,...,!-1,] 
with 2/ + 1 possibilities. 


EE 
— 


Figure 4.3 Possible orientations of the 
angular momentum vector for / = 2. 
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opin and Orbital Angular Momentum 


Similar relationships exist for spin angular momentum. A 
measurement of S? can only return values of the form 
s(s + 1)? 
Though the spin can have half-integer values 
1,3,5 
s=0, PAP pr 
A measurement of S; must yield an answer of the form 
mgfi 
where 
mg = —S8,—S + 1,...,S— 1,S 


with 2s + 1 possibilities. 
Each particle has a specific value of s which is an intrinsic property of 
the particle type. Half-integers are fermions and integers are bosons. 
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Addition of Angular Momenta 





Angular momentum states are labelled with a ket 
Im) or |sms) 


An electron occupying the orbital state |3 — 1) and the spin state 134) 
has 


| = 3 
m = -1 
EN 
dab - 
pud 
2 


We are most interested in the total angular momentum (orbital + spin): 
J=L+S 
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Addition of Angular Momenta 


How do we add these angular momenta (ie. J = J; + J2)? 
The z-components simply add 


m = m, + me 
However, the magnitudes do not add so simply. We get: 


j=l} — Jl — il + 1,..., (i + je) — 1. (i fo) 


ja = jl <j <j +j 





Example: a particle of spin 1 in an orbital state / = 3 could have total 
angular momentum: 
j = 4 (J? = 20), or j = 3 (J? = 12), or j = 2 (J^ = 6) with ñ = 1 
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Example 4.1 


Example 4.1 


A quark and an anti-quark are bound together, in a state of zero orbital 
angular momentum, to form a meson. What are the possible values of 
the meson spin? 





Quarks are spin=1/2 so we can either have spin 1 or spin 0. 
Spin-0 gives ‘pseudo scalar’ mesons r's, K's, ms, etc. 


Spin-1 gives 'vector' mesons p's, K*’s, o, w ‘psuedo’ will be explained 
later in the lectures. 
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Example 4.2 


Example 4.2 


Suppose you combine three quarks in a state of zero orbital angular 
momentum. What are the possible spins of the resulting baryon? 






First add two quarks of spin-1/2 and get either 1 or 0. Then add 
another spin-1/2. So, we can have 


DAE 
2 2 
1 1 

[je = > 
2 2 
1 1 

m Aa 
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Fermions vs Bosons 


e Particles with integer spin are bosons and obey Bose-Einstein statistics (i.e., 
symmetric w.r.t. exchange of identical particles). 


e Particles with half-integer spin are fermions and obey Fermi-Dirac statistics 
(i.e., antisymmetric w.r.t. exchange of identical particles). 


e Interchanging two particles is equivalent to a 27 relative rotation 
The unitary transformation which effects rotations is 


U(0) = exp FE . e 


e particles with integer spin, U(27) = exp(2nzi) = 1 => bosons. 
e particles with half-integer spin, U(27) = exp[2(n + 1/2)ri] = —1 => fermions. 
e For a 2-particle system, (12) = +7(12) 
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Clebsch-Gordon Coefficients 


You may wish to explicitely decompose a system. Consider a two 
particle system |sm) in terms of the two individual particles: 


m= } Os ism) same) 
m1-4-mo—m 


where the constants CH, are the Clebsch-Gordon coefficients. 
You can use this to (for example) decompose the |30) state into 


1 3 1 
30) = —=|21)|1-1 NH 10) + —|2-1)|11 
[30) | 1-1 + 43120) ar »111) 


If 2 particles, of spin 2 and spin 1, are at rest in a box and the total spin 
is 3 and its z component is 0, then a measurement of Sz could return 


ñ with probability 1/5 

O with probability 3/5 

—h with probability 1/5 
Notice that the probabilities sum to 1. 
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Clebsch-Gordon Coefficients 
2x1 7 


+2 +2 


+2-111/15 1/3 3/5 
«1 O|8/15 1/6-3/10] 3 2 1 
0«1| 2/5 -1/2 1/10] O 0 0 


+1-111/5 1/2 3/10 
on/2 1/2, 2 1 O0 o 013/5 O -2/5 
.1[1/2-172] O o O0 -141|1/5 -1/2 3/10 


Look for column labeled 3 0 





















1 3 1 
30) = —~|21)|1-1 NH 10) + —|2-1)|11 
[30) 5! 1-1 + 435120) Ar )nt 


Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 256 / 307 


Clebsch-Gordon Coefficients 


Griffiths actually does it with total angular momentum and starts the 
other way around: 


À +2 
jimoljgmo = ) Chas jm,m- m + me 
j=l} —jel 
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Clebsch-Gordon Coefficients 


Example 4.3 
The electron in a hydrogen atom occupies the orbital state |2 — 1) and 
the spin state |34). If we measure J?, what values might we get and 

what is the probability of each? 







The z components just add: m = —1 + i = -i 

The possible values of jare: j 2 1-- s - 24-1 — 3 or 
jol-se28-1-23 

We then need to look at the Clebsch-Gordon table for: 
j —2andj = 1/2 


5 
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Clebsch-Gordon Coefficients 
+5/2 5/2 3/2 


ESTAS DEBES 

4 c/2 las -1/5 [41/2 12 
0 +1/2 3/5 —2/5 |-1/2 -1/2 
0 -1/2 5/2 3/2 
exp We 4/5 1/5 5/2 


[m 1 












Look for row labeled —1 + 1/2 


11 2|5 1 Sa. 1 
2-1)]55)= J&E-2- Ta 
The probability to get j = 5/2 is 2/5 and j = 3/2 is 3/5. 


Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 259 / 307 








Clebsch-Gordon Coefficients 





Example 4.4 


We know that 2 spin-1/2 states combine to either give spin-1 or spin-O. 
Find the explicit Clebsch-Gordon decomposition for these states. 











11 11 
Ina lap? = (11> 
11.1 1 1 1 1/2x1/2 | = 
u = LL = zh. 110) — d 100) -1/2 11/2]1/2-1/2]-i 
2 222 V5 V5 
E debo de uu Read down the rows 
l5 25-5 = |1-1) 
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Clebsch-Gordon Coefficients 


Thus the three spin 1 states (triplet) are: 


1) = lap) laa) 
1,11 1 1 1 1.11 
HO) = yll 257215) 
1 1.. 1 
H-1) = Il57 2)l575 
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Clebsch-Gordon Coefficients 


1/2x1/2 a 
0 0 
+1/2 -1/2hy2 3/72] à 
—1/2 +1/211/2-1/2È 1 










Read down the columns 
11 11 
ni 1525055) 
1,11. 1 1 1 1.11 
HO) = va aa)la a) tla plop”) 
1 1. 1 1 
li = e e 
1611.1 1 1 1.11 
(00) = -5033723 ~ Ip) 
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How to read a CG table 


e First, find the appropriate table for the jı and 52 of interest. 


e If it'S mı and m» that are known and we want to find j, read 
the appropriate row across. Don't forget that all entries have 
an implicit square root. For example: 


|10) 11/2 1/2) = 2/3 |3/2 1/2) - 1/8 | 1/2 1/2) 


e If it's j that is known and we want to find m and mz, read the 
appropriate column down. For example: 


|3/21/2) = VA/3|11) |1/2 -1/2 
+1/273 |10) | 1/2 1/2) 
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The most important spin system is spin-1/2 (leptons, quarks, some 
baryons, etc.). 
States are described as linear combination of 2-component spinors 


x-($ J=a( o Jte 9 Je + 


In practice, we do not measure a mixture of states but rather either 
spin-up or spin-down 
0 
1 
lal? + IP = 1 


= |55) = l =|5-3)- 

ho} lo Era) 

In the general case 

and a and f give the relative probabilities of the two states. 

Spinors (two component objects) occupy intermediate position 
between scalars (one component) and vectors (three components). 
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Suppose we want to measure S, or Sy on a particle in state 


(5) 
P 
We know that the values must be +1/2ñ but what are the probabilities 


of each? 
Introduce the Pauli Matrices 


0 1 0 -i 1 0 
w(t a} mm 0) elo 4) 


ô = (hi/2)o 


and 
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Example 4.5 


Example 4.5 


Suppose we measure S? on a particle in the state ^ | What values 


might we get and what is the probability of each? 





The matrix representing the square of S? is simply 


2 = 
S = —0% 


" h^(1 0 
2 . 
& = (o1) 


The allowed values are the eigenvalues of the matrix and 


HE DGG) 


So, any spinor of that form is an eigenvector of S2 and the eigenvalue 
is h? /4 in all cases. 
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Isospin 


e The neutron (939 MeV) and the proton (938 MeV) have almost the 
same mass. n- n, n- p&p- p interactions are identical if EM 
interaction ignored. 


ə Heisenberg suggested n and p were actually two different states 
of the same particle, the nucleon. 


e We distinguish the nucleons by saying that they have different 
isospin. Define nucleon spinor: 


E 
^) (n 


e All we have done is "borrow" the whole apparatus of spin and 
apply it to the nucleon with a new name. 


with 


Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 267 / 307 


Isospin 


e The nucleon is isospin=1/2 and the third component has 
eigenvalues +1/2 (proton) and -1/2 (neutron) 


A TUN 
P=5) P-l572 


ə lis a vector in “isospin space". The strong interaction is invariant 
under rotations in this space. 

e This symmetry means that isospin is conserved in processes 
mediated by the strong interaction. 

@ We call this an internal symmetry, because it has nothing to do 
with space and time, but rather with the relations between different 
particles. 
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Isospin Assignments 


Baryon Octet: 





Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 269 / 307 


Isospin Assignments 


For any hadrons made up of u and d quarks, construct isospin 


multiplets: 
- 3) n=|5-5) 
P=\50/) P-1I272 


A = |00) 


For | = 0 we have 


For | — 1 
r*'-|ib, x?-Hn0, x--2pn-1) 


==[}-3) ' - Ez) 
T J2 2” |22 


For I= 1/2 
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Isospin Assignments 


Meson Octet: 






$20 ----*}7 
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Isospin Assignments 


1 1 1 1 
+_ fit 0 | _ 
k=l) v-B-3) 

n = |00) 


nt =]11), n° =|10), nr =(|1-1) 


1 1 zs 
re | 0 — | 
s E a à m 
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Isospin Assignments 


Baryon Decuplet: 


A- A9 A* A** 
$:0--—— > 
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Isospin Assignments 


For | = 3/2 we get the A's 


2 M af) ef) 


For | = 0 we have 
Q7 = |00) 
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Isospin of Deuteron 


e The deuteron is composed of a proton and a neutron, which in the 
language of isospin couple together as: 


11111 1 1 

——\/_~—~—)= —tM 

l2) - z) (110) +1000) 

9 Is the deuteron the isotriplet |10) state or isosinglet |00) state? 

@ If the deuteron is |10), then the other two members of the isotriplet 
should also exist with similar properties. BUT... neither nn nor pp 
states exist as stable nuclei, hence we conclude that the deuteron 
is an isosinglet. 
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Isospin: nucleon — nucleon scattering 


Isospin invariance has implications on nucleon — nucleon scattering. 
Consider 


(a) p+p > d+nt 


—— lm cud 
|11) |111) 
(b p+n > d«1? 
—— TT 
—L(0)--00) 10) 


v2 


(c) n+n > ds 
—— — 


H-0 M-01 


The | = 0 component of the second reaction does not contribute and 
04:05:00: —2:1:2 
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Isospin: 7 — nucleon scattering 


200 LEG p; [pc 
190 
180 


















"i If only | 2 3/2 component 
hei] contributes then: 
d a sp Otot(TC* F p) = 
a Otot- + p) 
:| cm ao A(1232) is an | = 3 resonance. 
wo FANS NA UL. Data and theory look good together 


Mass of x p system (MeV/c? 


Isospin can help us predict relative cross sections without having to 
know anything about the absolute cross sections. 
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Flavor Symmetries 


9 Isospin is an SU(2) flavor symmetry whose origin lies in the near 
degeneracy of the masses of the u and d quarks. 


@ The s quark is also somewhat lighter than most hadrons, an 
SU(3) flavor symmetry will also provide a useful description of 
hadron physics. This SU(3)¢ flavor symmetry is what got Murray 
Gell-Mann his nobel prize. 


e Flavor symmetries, arising from the near-degeneracy of the light 
quark masses, provide us with free information about the strong 
interaction. 


Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 278 / 307 


Discrete Symmetries 


Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 279 / 307 


Parity 
A parity transformation inverts every spatial coordinate 





juu 





e It isa reflection + a 180? 
. (a) Reflection (in the x-z plane) 
rotation rte à 
e P? — |, therefore the 
eigenvalues are +1 
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Parity Eigenvalues 


e Consider an ordinary vector v. By the definition of parity 
P(v) = -v. 
@ Now let's contruct a scalar from v: s — v.v 


P(v-v) =(-v):(-v) =v-v=+s 
@ Now try the cross product of two vectors: a = v x W 
P(v x w) = (-v) x (-w) = v x w = +a 
e Finally, we can form a scalar from a and v: p — a.v 


P(a: v) =(+a)-(-v) =-a-v=-p 
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Types of Scalars and Vectors 














Scalar P(s) =+s | 
Pseudoscalar | P(p) = -p | 
Vector P(v) = -v | 
Pseudovector | P(a) = +a | 











Note: pseudovectors are also known as axial vectors 
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Parity in Physical Systems 


e Parity is a multiplicative quantum number, like all discrete 
symmetries. 
Continuous symmetries lead to additive quantum numbers 

@ 2-body systems have parity pApg(—1)' where / is the orbital 
angular momentum eigenvalue. 

@ Particles and anti-particles have opposite parity. 
Bound states like positronium (e* e^) and mesons (qq) have an 
overall parity of (—1)0+1). 

9 Photons have a parity of (-1), and this underlies the A/ = +1 
selection rule in atomic transitions. 
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Parity Example: uu mesons 


@ By convention: 
u quarks have spin 1/2 and + parity 
and 
u quarks have spin 1/2 and - parity 


e Parity of a uu meson is then 
P = pup (-1)' 


e The intrinsic spin of this meson is 0 or 1 but can have any orbital 
angular momentum: 
S L JP particle transformation 
0.0 0- n? pseudoscalar 
1 0 À p? vector 
O 1 1* b:(1235) pseudovector 
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Parity in the SM 


e The particle physics community had just assumed that parity was 
a "good" symmetry of nature. In fact, perfectly good theories had 
been discarded because they would not respect this symmtery. 


e In 1956 Yang and Lee noticed that nobody had ever shown that 
the weak interaction respects this symmetry and proposed an 
experiment which was then performed by Madame Wu 
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Parity in the SM 


B e. . 
T dd The nuclear spin is an axial 
—-— 1 vector (even under parity) and 
m n $ 
riot E the electron momentum is a 
Nuclear : 
the direction 60, spin vector (odd under parity). The 
o i à n 
Miki i. relative orientation of the two 
violation of changes under parity. 
i dag Any assymetry in the electron 
distribution relative to the spin 
Wu, 1997 (B) direction violates parity. 
€ o e: Sui *64V& 
i A^ The electron was emitted in the 
d same direction independent of 
. the nuclear spin. 
e 


Parity violation is the signature of weak interaction. 
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Helicity and Handedness 


@ If we have to choose one component of the angular momentum 
(the z component) we might as well choose the direction to be the 
direction of motion of the particle. 

9 Define helicity as h = m,/s, 
spin-1/2 particles have either 
h = —1 (left-handed) 


or 
h = +1 (right-handed). 
*- - i 
———— | ——— T—————— 
PA —— ai 
{a) Right-handed (b) Left-handed 


Fig. 4.9 Helicity. In (a) the spin and velocity are parallel (he- 
licity +1); In (b) they are antiparallel (helicity — 1). 
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Parity Violation in x Decay 


e Consider the weak process zt — u* + vy. Since the 7 is spin-0 
and the outgoing particles are back-to-back in the CM frame the 
spins must cancel. 

9 Experiments show that every u* is left-handed which makes 
every v, left handed. 

e Similarly in z~ decay, both the u~ and the v, always emerge right 
handed. 


m — j1 7 e | E 
x 
-< 
s 


Fig. 4.10 Decay of z^ at rest. 

9 |f parity were conserved by the weak interaction we would expect 
an equal number of right and left-handed pairs with equal 
probability (just as we observe with n? — yy decay through EM 
interaction.) 
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Chirality 





We will learn later that the weak interaction selects only chiral-left 
particles and chiral-right anti-particles. That is where the L comes from 
in 

SU(2), 
Chirality is Lorentz invariant, helicity is not. However, for massless 


particles chirality reduces to helicity and we see only helicity-left 
particles. 


Neutrinos are Left-Handed 


Assuming massless neutrinos, 
all neutinos are left-handed 


and 
all anti-neutrinos are right-handed. 
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Charge Conjugation 


e The charge conjugation operator turns a particle into its 
antiparticle 


C |p) = Ip) 
e C reverses every internal quantum number (ie. charge, 
lepton/baryon number, strangeness, etc.) 
e C? = [implies the only allowed eigenvalues of C are +1 


9 Unlike parity, very few particles are C eigenstates. Only those 
particles which are their own antiparticles (n°, n, y, etc.) are C 
eigenstates. 
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Using Charge Conjugation 


e The photon has C = -1 
e ff bound states have C = (-1)/*$ 
e Charge conjugation is respected by both the strong and EM 


interactions 
e The n° (I= s = 0 > C = +1) can decay into 2y but not 3y 
Cip) = (-1)"ly) 
CIn°) = |n°) 
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e Most particles are not C-eigen states, hence C-symmetry is of 
limited use. 

e The C-operator converts n* to 77. 

9 These two have isospin assignments: 


m=|11), mw =|1-1) 

9 Az rotation in isospin gives: 

|11) = e^ n — 1) 
e The charged pions are eigenstates under the G-parity operator 

G= Ce”? 
9 G-parity is mainly used to examine decays of pions (which have 
G=-1): 
Ginn) = (-1)"|nn) 
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G-Parity of a few light mesons 


Particle J^ I G Decay width (MeV) 
p(770) 17 1 + 27 150 
w(783) 17 0 1  3« 8.5 
é(1000 1- 0 -1 3r 43 
f(1270) 2+ 0 41 2m 185 


Remember - G-Parity involves isospin, so it only tells us about 
strong decay selection rules. 


For example, the p(770) has G = 1 which means it should only decay 
to an even number of pions. Experimentally we find that: 







pmn 100% 


p—nnn «12x10 ^9 
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Summary 


Conserved Quantum Numbers 


Quantity S 








Charge 
Baryon Number 
Lepton Number 








Charge Conjugation| C 











Jyothsna (CHEP) Nuclear & Particle Physics Course September 2018 Lectures 294 / 307 


CP Symmetry 


9 Reconsidering the decay 
nt yt v, 


recall that the v,, is always left-handed 
e Under charge conjugation we have 


T >u ds 


but the v, is still left-handed and that does not exist in nature. 


e However, if we combine C and P then everything is OK again. 
Perhaps this is the reflection symmetry we should have been 
looking for all along?? 


e Nope, wrong again.... 
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CP Violation in the Kaon Sector 


Neutral kaons K? and K° with quark assignments ds and sd 
respectively. 

These particles can mix via a second-order weak interaction since the 
weak interaction does not conserve quark flavour: 


d u s 
l | 
l 
K? pe w- Ko 
| 
| | 
— à + + + 
s u d 
d wo s 
— he 
Ke Ke 
—-——— — 
w- d 


Fig. 4.12 Feynman diagrams contributing to K°=K°. (There 
are others, including those with one or both u quarks re- 
placed by c or t.) 
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Kaon Quantum Numbers 


e Both K? and K? are pseudoscalar mesons with P = —1 
e And K? and K? are a particle-antiparticle pair so 


CIK°) = |K?) 
C|K?) = 1K°) 


9 As a result under CP we have 


CP |K9y -[K95 
CP|K?, = -jk9) 
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Kaon CP Eigenstates 


e What we actually measure is not K? or K? but some linear 
combination of the two. 


e Defining: 
IKi) = (IK9) - ]K9))/ v2 
IKo) = (\K°) +|K°))/ V2 
giving 
CP|Ki) = +\|K1) 
CP|Ko = -|Ke) 


ə If CP is conserved then |K;) can only decay to 2x (CP = +1) and 
|Kz) can only decay to 37 (CP = -1) 

e Based on phase-space considerations, |K4) should have a much 
shorter lifetime than |K2) 
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Kaon Decay Eigenstates 


e We observe K; and K with lifetimes of 0.9 x 1071s and 
0.5 x 1077s 


ə K? and K? are mass eigenstates and are each others antiparticles 


e Kı and K are approximately CP eigenstates (have different 
masses) and are not antiparticles 


e The fact that they were not exactly CP eigenstates was 
astounding. 
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The Experiment 


9 Start with a beam of kaons. Can use an arbitrarily long beam to 
get arbitrarily pure Ko. The K4's should decay in a few cm. 

@ Kə decays only to 37, never to 2r if CP is a good symmetry. 

e Cronin and Fitch made a 57 foot long beamline in 1964 and 
observed 45 27 decays in 22700. Unmistakable evidence of CP 
violation. 

e In other words, K? and K? are the particle-antiparticle pair, K4 and 
Ko» are linear combinations of those states and the long-lived kaon 
we observed is not pure Kə but rather 


IK.) = —— je) + eli) 
1+ lel? 
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Kaon Eigenstates 


e K? and the K? are mass eigenstates and are each others antiparticles 
e K;and "e K» are CP eigenstates 
[K9) = 25 (11) + |K2)) |K°) = Z5 (3) — |K2)) 


e K? and the K? are the observed states and are ust identical to the CP 
eigenstates (K? and K? are not antiparticles) 


|K?) = es (0K2) + el) 3) = eee Le eE) 
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Other Tests of CP 


ə You can also see CP violation in kaons by looking at 


Ki > nt+e e 
Ki > wt+et4+ve 


9 Notice that CP changes one of these into the other so they should 
be equally probable. 

9 K, is observed to decay more often into a positron by a fractional 
amount 3.3 x 107? and CP is violated again. 

e We can now distinguish between matter and antimatter. Positive 
charge is the charge carried by the lepton preferentially produced 
in the decay of the long-lived neutral K-meson. Explanation for 
matter-antimatter assymmetry??? 

ə CP violation has been found in B's and is being searched for in 
charmed mesons. 
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Why study CP violation? 


e Sakarov pointed out that it is possible to start from a 
matter-antimatter symmetric universe and end up in one that is 
asymmetric. 

This requires that there be some process (or processes) that 
violates the CP symmetry. 

e The SM does not predict CP violation (it can accomodate no CPV 
or CPV). However, the SM provides only one source of CP 
violation (CKM phase angle) which is only possible if there are 
more than 3 quark generations. 

e The currently observed SM CPV (using K and B mesons) is too 
small to explain the matter-dominated universe. 

9 There is another possible source of CPV within the SM in the 
neutrino sector 
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Time Invariance 


e Time reveral symmetry reverses the time component 
T(t,x) (SLA) 


9 We expect to observe T violation but there is no experimental 
evidence of it so far. 
Experimentally, one tries to measure the rate of a reaction in both 
directions A + B — C + D but this is not so easy. 
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CPT 





The reason we expect to see T violation is that we think that CPT isa 
good symmetry (it is required by QFT). 

If CP is allowed to be violated in some process then we must be 
allowed to violate T too to make CPT invariant. 


CPT Theorem 


The combination CPT is always conserved in any local quantum field 
theory. 

CPT violation in essentially synonymous with a violation of Lorentz 
invariance. 







CPT symmetry mandates that particles and antiparticles must have 
certain identical properties, such as the same mass, lifetime, charge, 
and magnetic moment. 
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More Symmetries - Lepton Number 





@ There are 3 lepton numbers: Le, Lu, Lı with (for example) 


Le +1 for e ,ve 
Le = -1foret,ve 


These are additive quantum numbers. 

e They are conserved in EM and weak interactions. So, u* — ety 
is forbidden (for example). 

9 People are actively putting new limits on lepton flavour violation in 
BaBar with processes like t+ — u™y (BR < 1079) 

e Neutrino oscillations imply that lepton number is violated (at a very 
small level). 
Lepton Number conservation is not exact. 
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More Symmetries - Baryon Number 





e We can associate with each baryon (3-quark bound state) a 
quantum number called Baryon number which has a similar 
definition 

B = +1 for p,n,... 
B = -1 for antiprotons, antineutrons, ... 


@ It appears to be conserved in all interactions. if it werent we (i.e. 
protons) might decay into to lighter particles. Hence the stability of 
the proton. Lifetime of proton is > 10?! — 109? years. 
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